Abstract. The preparation of five different selectively deuterated analogs of the enzyme staphylococcal nuclease has been previously reported.1-3 The five selectively deuterated enzymes have full enzymatic activity with DNA and RNA substrates and identical amino acid compositions; and they all appear to have similar conformations in solution, despite their very different hydrogen/ deuterium contents.
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The use of selectively deuterated analogs in the study of enzyme structure and function by high resolution nuclear magnetic resonance (nmr) spectroscopy is predicated on the demonstration that the analogs do not differ from the fully protonated parent enzyme in any significant respect. It is the purpose of this paper to show that in the case of staphylococcal nuclease (Nase) the five selectively deuterated analogs (Nase D1-5) have properties identical to those of the parent nuclease.
Materials and Methods. Prior to study by nmr spectroscopy all nuclease samples were characterized by amino acid analysis, metal analysis, and nuclease assay. Amino acid analysis was carried out on a Beckman model 120C automatic amino acid analyzer, and the metal analysis on an Applied Science two-meter spectrograph. The Nase assay procedure is essentially that described by Cuatrecasas, Fuchs, and Anfinsen,4 based on the increase in absorbance at 260 mu which accompanies the hydrolysis of RNA and denatured DNA, with the following modifications: (1) To facilitate the preparation of assay solutions, which have to be made up fresh to insure reproducible activity measurements, concentrated stock solutions of DNA and RNA were prepared and frozen. Assays were routinely performed in duplicate and at more than one enzyme concentration. The reproducibility of the assay was generally between 5 and 10%. One enzyme unit is defined as that amount of Nase which causes an initial rate of change of one absorbance unit per minute at 260 mu and 300. It is defined with respect to either the DNA or RNA assay solution. The specific activity is defined as the enzyme units per milli-liter per unit A277. The specific activities of purified Nase solutions are typically 2500-3000 and 530-620 versus DNA and RNA, respectively. The extinction coefficient of Nase was determined using a sample of the enzyme dried in vacuo over P205 at 250 for four days until a constant weight was achieved. Amino acid analysis data on the sample was used to correct for residual water. The Elcm of the enzyme at pH 7 is 8.9 at 280 mju and 9.7 at 277 m.U.4
Results and Discussion. The amino acid analysis data for the five analogs are given in Table 1 and compared with the expected amino acid composition based on the current published sequence of Nase V8, Taniuchi et al.,6 the difference between Nase and Nase V8,6 and the information that residue 43 is Glu7 and not Gln as published. The essential finding is that the amino acid composition of all analogs is very nearly the same as that of Nase. Whether the slightly higher serine content of the deuterated enzyme and the other minor variations are reproducibly outside the limits of experimental error remains to be investigated. Typical metal analyses are given in Table 2 . In none of the samples was the calcium content greater than 10 ppm. Dialysis against water was sufficient to remove metal ions satisfactorily. There was no significant difference between the metal ion content of EDTA-containing and EDTA-free samples. Since the enzyme requires Ca++ ions for activity and is known to bind other divalent metal ions the finding that the preparations do not contain anything approaching stoichiometric amounts of metal is important in the interpretation of nmr data.
The specific activities of Nase preparations are given in Table 3 . There are no significant differences between the activities versus DNA and RNA of the selectively deuterated Nase analogs and fully protonated Nase. Even though enzymatic activity is not an unquestionable criterion of structural integrity, one might have expected that if major structural changes did occur as a result of isotopic substitution, they would have resulted in a distortion of the active site and, hence, an alteration of the rate of hydrolysis. The finding that the deuterium isotope effect is small, if any, is not surprising. All of the hydrogens substituted by deuterium in this case are carbon-bound and are not involved in the catalytic process. Appreciable deuterium isotope effects are usually found for reactions involving proton transfers. Additional evidence for the structural similarity of the five analogs and the fully protonated nucelase stems from an examination of the nmr spectra Figure 1 shows spectra of Nase D4 at pH 7.25 taken at 100 and 220 MHz. The same pattern of peaks is observed at 220 MHz as at 100 MHz, indicating that the labeled peaks are all singlets. There is no useful increase in the resolution of the spectrum at 220 MHz; the Tyr peaks which overlap at this pH at 100 MHz are not separated at the higher field strength. It must be noted, however, that the 220 MHz spectrum was accumulated in much less time owing to the higher sensitivity of the 220 MHz spectrometer.
The aromatic proton composition of the selectively deuterated analogs Nase D1-5 is identical. If there were a large deuterium isotope effect on the conformation of the Nase molecule, this should become apparent in a comparison of the aromatic spectra of these analogs. Chemical shifts of Nase D1-5 at pH 7.25 are given in Figure 2 . These samples contain bound ethylenediaminetetraacetate (EDTA) and all are "second peaks" as eluted from phosphorylated cellulose (cf. legend to A few small shifts among the resonances of Nase D1-5 are outside experimental error and probably result from isotope effects. These shifts, however, are very small compared to the shifts observed upon titration or ligand binding. In order to verify the proposition that differences in the chemical shifts of individual histidines and tyrosines indeed reflect the tertiary structure, a titration study was carried out with Nase D3 in the pH range 7-11. The hydroxyl group of Tyr dissociates in this region, and Tyr peaks should show a titration shift of about -0.26 ppm. The Trp peak, on the other hand, should not show a titration shift in this pH region. The results of the titration study are given in Figure 3 . First, the data indicate that the enzyme denatures in the pH region 10-11. At pH 11, seven of eight peaks have converged at 5TMs 7.06. This is All of these peaks show at least a slight titration shift on increasing the pH from 7 to 10. Tyr residues Y2 and Y3 appear to titrate first. Residues Y4 and Y5 titrate sharply at pH 9.9. Residues Y1, Y6, and Y7 titrate last; and their titration appears to parallel the enzyme denaturation as judged by the convergence of the Tyr peaks. The eighth peak remains unshifted as the pH is raised to 10.3. As the enzyme denatures, this peak shifts 0.51 ppm downfield; and at high pH its chemical shift approaches that of the C2-H peak of free Trp (7.796 ppm). These results confirm the previous assignment of peak W to Trp. The Trp residue of Nase is in an unusual molecular environment in the native enzyme. Large upfield shifts of this magnitude are generally associated with the stacking of aromatic rings.
The normal chemical shift of HCl-exchanged deuterotyrosine in its hydroxy form2 is 5TMs 7.361. This is the chemical shift of residue Y2 at pH 7.25. If Y2 is taken as a normal Tyr, only one Tyr residue (Y1) is deshielded in the enzyme. This residue is probably "buried" in a deshielded environment since it titrates late. Residues Y2 and Y3 are the only Tyr residues that show normal titration curves. Peaks Y6 and Y7 lie 0.32 ppm upfield from the position of free Tyr at neutral pH. This chemical shift is 0.05 ppm upfield from that expected for the ionized Tyr ring. The slight upfield shift in Y6 and Y7 between pH 9.5 and 10.0 removes any grounds for the unlikely assumption that these Tyr side chains are ionized at neutral pH. Instead, the Tyr rings of these residues are probably stacked parallel to one another or other aromatic rings. The parallel shifts of Y6 and Y7 above pH 9.8 are consistent with mutual stacking of these residues. Since the rings are negatively charged when the hydroxyl FIG. 4 which probably corresponds to a b slowly exchanging N-H group. The peak must be obscured by 8.5 8.0 7.5 7.0 other broad NH peaks in spectrum 8TMS (ppm) (a).
group is ionized, the stacking energy is lost on titration. The coincidence of enzyme denaturation and titration of Y6 and Y7 may be readily explained if the stacking energies of these Tyr residues play a significant role in preserving the native conformation of the Nase molecule. Spectra of the aromatic region of Nase dissolved in H20 were taken to determine whether D20 causes a gross conformational alteration in the enzyme molecule. Figure 4a and b contains spectra of Nase in H20 at pH 7.25 and Nase in D20 at pH 7.25. The spectrum of Nase in H20 (Fig. 4a) contains a number of additional peaks (indicated by small arrows in the figure) that are not present in D20 (Fig. 4b) . These are probably NH peaks that exchange with D20. The His peaks of both samples have comparable chemical shifts. The peaks in the aromatic envelope which can be resolved in both spectra are unshifted. This result suggests that the general conformation of the enzyme is the same in D20 and H20. Thus, it appears that substitution of deuterium for hydrogen, either in the amino acid side chains or in the solvent, does not lead to any major structural changes in the enzyme molecule.
